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Binding of Daptomycin to Lipid Bilayers is not Significantly Altered by the
Inclusion of Lysyl-Phosphatidylglycerol
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In many bacterial cytoplasmic membranes, including that of Staphylococcus
aureus, approximately 20 mol% of the diacylphosphatidylglycerol fraction in
the cytoplasmic membrane is esterified to the amino acid lysine. This secondary
modification leads to the formation of a net-cationic membrane lipid, which re-
duces the negative surface charge of the bacterial membrane. Elevated levels of
lysyl-phosphatidylglycerol (LPG) are associated with increased bacterial resis-
tance to a number of cationic antibacterial peptides, including the clinically
important calcium-dependent lipopeptide antibiotic daptomycin. Inclusion of
lysylated phospholipids in mixtures of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphogly-
cerol (POPG) has been shown to effectively protect lipid vesicles against
leakage of contents induced by the alpha-helical antimicrobial peptides RP-1,
mastoparan X, and cecropin A. However, peptide binding to the lipid bilayer
was only significantly reduced at LPG fractions exceeding 30 mol%. Here,
we investigated whether binding of daptomycin to lipid vesicles containing
mixtures of POPG, POPC and LPG is affected in ways similar to that of
alpha-helical peptides. We find that daptomycin binds calcium ions in aqueous
solution with an apparent dissociation constant on the order of 10 mM. In gen-
eral, binding of daptomycin to lipid bilayers depends strongly on calcium and
the fraction of POPG in the mixture. However, when 20 mol% of POPG are
replaced by LPG, daptomycin binding is only minimally affected. We also
show that daptomycin does not cross the lipid bilayer into the vesicle lumen
in giant lipid vesicles. These data suggest that clinical daptomycin resistance
in S. aureus strains is caused by mechanisms beyond an LPG-mediated reduc-
tion in daptomycin binding.Proteins, Lipids, and Small Molecules
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Phosphatidylserine, a Lipid Present at the Outer Membrane Leaflet of
Cancer Cells, Hinders the Insertion of pHLIP, a Potential Cancer Cell
Marker
Haden Scott.
BCMB, University of Tennessee, Knoxville, TN, USA.
The pH-Low Insertion Peptide (pHLIP) has shown the ability to insert into
membranes when acidic conditions are present. pHLIP can be found in three
different states: a random coil in pH 8 solution devoid of lipids (state I), a sur-
face bound form when lipids are present (state II), and a transmembrane helix in
acidic conditions (state III). From this ability of insertion based on pH, pHLIP
has been shown to effectively target diseases in which the extracellular pH of
the tissue has become acidic. Cancer is an example of such a disease, and it has
been shown that pHLIP can target cancerous cells. One concern with this tar-
geting is that some cancerous cells are known to display phosphatidylserine
(PS) in the outer leaflet of the their plasma membranes, as opposed to normal
cells. However, little is known about how pHLIP’s tumor targeting is influ-
enced by this increased PS content. Here, we study how pHLIP properties
are influenced by the presence of PS by using phosphatidylcholine (PC) large
unilamellar vesicles (LUV’s) that contain PS. Circular dichroism data shows
that the characteristic three states are maintained in the presence of PS. Our re-
sults show that pHLIP has higher affinity to PC than to PS. We also found that
when LUV’s contain PS, the insertion pKa decreases compared to LUV’s only
containing PC with a midpoint at 0.950.4 percent. This decrease in insertion
pKa might limit pHLIP’s targeting of mildly acidic tumors. We added sodium
chloride to screen any electrostatic repulsion; however, no change in the pKa
was observed. This suggests that the effect of PS on the binding and insertion
of pHLIP is not merely due to electrostatic repulsion.
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Understanding Molecular Complexity in Protein and Peptide-Lipid
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Peptide addition to lipid membranes has been shown in some cases to lead to
significant molecular complexity, principally as a consequence of the chemical
processes that occur subsequent to the addition (http://dx.doi.org/10.1016/j.jmb.2013.07.013). Foremost amongst these is acyl transfer from lipid constit-
uents of the membrane to acceptor sites on the peptide, generating lipidated
peptides and lyso-lipids. As an example, addition of the peptide melittin to a
two-component lipid membrane leads to the potential formation of up to 20
different peptide species and 8 different lyso-lipids, many of which have
been detected, some in significant quantities. The lipidation by-products,
lyso-lipids, may also serve as acyl group donors for further lipidation. This pro-
cess is not restricted to peptides; some proteins and low molecular weight com-
pounds exhibit the hallmarks of this lipidation activity. In a proof-of-principle
study, we have examined the lipidation profiles of candidate proteins and
shown that they closely resemble the fatty acyl composition of the membrane
in which they are generated, supporting the hypothesis that their lipidation
arises from membrane lipid precursors. At the other extreme, low molecular
weight compounds have been found to undergo similar lipidation processes.
Current work to understand the factors that dictate this reactivity, and the con-
sequences of lipidation, will be discussed.
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MicroRNAs (miRNAs) are short non-coding RNAs that, when expressed in
different tissue and cell types, suppress the expression of complementary genes.
Certain miRNAs, called oncomiRs, play a causal role in the onset and mainte-
nance of cancer when overexpressed. Tumors that depend on these miRNAs are
said to display oncomiR addiction. Inhibition of oncomiRs using antisense
oligomers (i.e. antimiRs) is an evolving therapeutic strategy. The efficacy of
current antimiR technologies in vivo is, however, hindered by barriers to target-
ing and delivery into tumor cells.
pHLIPs are peptides that insert across cell membranes in acidic environments,
delivering cargoes into the cytoplasm, and releasing them by disulfide cleav-
age. We have used a pHLIP as an antimiR delivery platform that targets the
acidic tumor microenvironment, evades systemic clearance by the liver, and fa-
cilitates cell entry via a nonendocytic pathway. We found that the disulfide
attachment of peptide nucleic acid (PNA) antimiRs to the inserting end of a
pHLIP peptide produced a construct that could transport these antimiRs across
plasma membranes under acidic conditions such as those found in solid tumors
(pH ~6). This conjugate effectively inhibited the miR-155 oncomiR in vitro and
in vivo by targeting lymphoid tumors in mouse models. In a large B-cell lym-
phoma mouse model, silencing miR-155 reduced tumor burden, prevented
lymphocyte metastases, and derepressed targets of miR-155 identified using
RNA-seq analysis, with no apparent toxicity to the mice. This study introduces
a new paradigm in the targeted delivery of polar molecules, such as antimiR
PNAs, as anticancer drugs, which can have broad applicability in the field of
targeted drug delivery.
xNature, 2014, accepted. Supported by NIH grants CA133890, CA131301,
GM073857, ES005775, CA148996, HL007974, and the Yale Comprehensive
Cancer Center.
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The study of membrane effects on protein structure and functioning is relevant
to understanding many native cell processes as well as the cytotoxic effects of
some proteins. The cholesterol recognition/interaction amino acid consensus
(CRAC) motif is a primary structure pattern that is common among many pro-
teins which interact with cholesterol, a key membrane component. However,
the CRAC pattern alone is not sufficient to determine the cholesterol-binding
Wednesday, February 11, 2015 553aability of a protein. Of two regions which fit the CRAC criteria from a leuko-
toxin LtxA produced by a pathogenic bacterium, only one is responsible for the
cholesterol binding of the toxin. Molecular dynamics simulation of peptides
corresponding to both regions reveals that, despite the peptides sharing similar
structural characteristics in a solution environment, this comparison is lost near
a cholesterol-bearing bilayer. Near such a bilayer, the cholesterol-binding
sequence shows a significant loss of secondary structure upon association
with the membrane. Furthermore, these results were not observed near a pure
phospholipid bilayer, indicating that this behavior is specific to cholesterol-
containing membranes.
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Cholesterol Accessibility Sensing by Perfringolysin O Derivatives is
Linked to Changes in the Size of the Oligomer
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Perfringolysin O (PFO) is a cytolysin secreted by Clostridium perfringens that
requires cholesterol in the target cell membrane for binding. Binding of PFO to
membranes is modulated by cholesterol accessibility. No PFO binding occurs
until the accessibility of cholesterol at the membrane surface reaches a certain
threshold. Amino acid modifications at the tip of the PFO C-terminal domain
(or domain 4) changes the threshold for how much cholesterol is required to
trigger binding. These PFO derivatives are excellent candidates to develop
probes to image cholesterol in cells and to study cholesterol accessibility on
different cellular membranes.
The molecular mechanism for how cholesterol regulates PFO binding remains
elusive. We have explored the effect of domain 4 modifications in the ability of
the toxin to form arcs and rings on membranes using electron microscopy. Our
data revealed that the amount of cholesterol in the membrane required to trigger
PFO binding correlates with changes in the size and shape of the formed PFO
oligomers.
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Free Energies for Trans-Membrane Pore Formation in the Presence of
Arginine-Rich Peptides from Molecular Dynamics Simulations
Neha Awasthi, Jochen S. Hub.
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Antimicrobial peptides are unique and diverse group of molecules, where the
amino acid composition, cationic charge and size enables them to attach and
insert into plasma membrane to form pores. These trans-membrane pores even-
tually lead to the cell death of the microbe. Several mechanisms were proposed
for the activity of antimicrobial peptides, but a quantitative understanding of
those mechanisms has remained elusive. Therefore, we modeled the formation
of a trans-membrane pore in the presence of a cationic Arginine-rich model
peptide using coarse-grained and atomistic molecular dynamics (MD) simula-
tions. Free energies for trans-membrane pore formation were calculated as a
function of peptide concentration and lipid composition. We find that electro-
statics and presence of counter-ions; esp. for the case of charged lipids and pep-
tides, play a critical role in free energy calculations. We address the following
questions: a) does insertion of a peptide or several of them, influence the free
energy of pore-formation; and b) is pore-formation a required step, or is the
increased disorder of the lipids sufficient to insert a peptide? Finally, we present
a quantitative comparison between the free energy of trans-membrane pore in
the absence and presence of N-Arginine peptides, with the aim to provide a
quantitative description of the activity of antimicrobial peptides on lipid
membranes.
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To investigate histidine residue replacements in lipid bilayer membranes, we
have employed GWALP23 (acetyl-GGALW5LALALALALALALW19LAGA-
amide) as a favorable host peptide framework. We inserted His residues into
position 12 and/or 13 of GWALP23 (replacing either L12 or A13) and incorpo-
rated specific 2H-Ala labels within the helical core sequence. Solid-state 2H
NMR spectra of GWALP23-H12 reveal a marked difference in peptide behavior
between acidic and neutral pH conditions. At neutral pH, GWALP23-H12
and GWALP23-H13 exhibit well-defined tilted transmembrane orientations
in both DOPC and DLPC bilayer membranes. Under acidic conditions
GWALP23-H12 and GWALP23-H13 are highly dynamic and exhibit multiplestates. Indeed, the multi-state behavior of GWALP23-H12 and GWALP23-
H13 between pH 1.5 and pH 3 resembles closely that of GWALP23-R12 at
neutral pH (J. Am. Chem. Soc. 132, 5803). The dramatic change in the behavior
of each peptide suggests a pKa value of less than 3 to yield the neutral His imid-
azole side chain when buried in a lipid bilayer. Chemical exchange of the
C2 imidazole proton for deuterium introduces a probe which potentially
allows for direct observation of the His ring by solid-state 2H NMR over a range
of conditions. Multiple His residues further alter the peptide properties, as
GWALP23-H12,13 appears to aggregate in DLPC and DOPC bilayers over a
range of pH conditions. Similar patterns are observed with GWALP23-
H12,14; yet the 2H quadrupolar splittings for the b¼ 90 and b¼ 0 membrane
orientations suggest different helix dynamics. Further aspects of the pH depen-
dence of transmembrane helices having one or two histidine residues are under
investigation.
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Polar amino acids within the helical core of a transmembrane sequence,
although sparse, are essential to the structure and function of many membrane
proteins. In order to examine polar residues in lipid bilayer membranes, it is
useful to employ a peptide framework such as GWALP23 (acetyl-GGALWLA
LALALALALALWLAGA-amide). GWALP23 and related model peptides
fold into helices and adopt defined tilted orientations that can be observed in
bilayer membranes by means of solid-state NMR spectra from particular labels.
For example, it is convenient to include specific 2H-labeled alanine residues
within the helical core of the peptide. GWALP23 is a favorable host peptide
for single residue replacements due to the limited dynamic averaging of
NMR observables such as the deuterium quadrupolar splittings of the alanine
side chains. The goal of this project is to study the influence of arginine residues
and pH on helix behavior in cholesterol-containing bilayers. GWALP23-R14
was incorporated into DOPC bilayers with varying amounts of cholesterol
(0-20%). Although 10% cholesterol has little effect on the orientation of
GWALP23-R14 in DOPC bilayers, solid-state 2H NMR spectra reveal a
marked difference in peptide behavior when 20% cholesterol is present in
the bilayers. Multiple peaks in the 2H NMR spectra of GWALP23-R14 (Ala
d4: 11
50% and 13100%) in DOPC bilayers with 20% cholesterol at high pH sug-
gest a multi-state behavior of the peptide. Changes in the magnitudes of the 2H
quadrupolar splittings furthermore suggest that 20% cholesterol may alter the
helix tilt even at lower pH. The results reveal a sensitivity of peptide helix prop-
erties to cholesterol.
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Synthetic model peptides, such as GWALP23 (acetyl-GGALW5LALALALA
LALALW19LAGA-amide), provide a favorable ‘‘host’’ framework for inves-
tigations of the influence of chosen ‘‘guest’’ amino acids. For example, it is of
interest to know the consequences of having a third, centrally located, trypto-
phan (Trp) within the hydrophobic core of a well characterized, anchored,
transmembrane helix. It is crucial to note that the orientation and rotation
of GWALP23 are sensitive to single-residue replacements, in part because
the membrane-spanning helix exhibits only limited dynamic averaging of
solid-state NMR observables such as the 2H quadrupolar splitting (Biophys.
J. 101, 2939). A Trp residue was introduced in the 12th or 13th position of
GWALP23, and specific deuterated alanine labels (2H-Ala) were included
as probes within the core helical sequence. The 2H quadrupolar splittings
from solid-state NMR spectra of GWALP23-W12 and GWALP23-W13
show that the peptide remains helical and retains a dominant preferred tilted
transmembrane orientation (similar to GWALP23) in lipid bilayer mem-
branes of DOPC, DLPC, and DMPC. Modified Gaussian and semi-static
treatments of the dynamics yield similar conclusions. While a central Trp
at position 12 or 13 does not alter the characteristics of bilayer-spanning
GWALP23, incorporation of the peptide helix into the bilayer membrane
becomes more difficult. The properties of W4, 5 GWALP23 are also being
investigated, for comparison with the highly dynamic Y4, 5 and the less dy-
namic F4, 5 peptides. Deuterium labels at Ala3 and Ala21 will allow assess-
ment of possible fraying of the ends of selected helices in differing lipid
membrane environments.
